Abstract: Non-Crimp Fabric (NCF) materials are now available in a range of areal weights and layer architectures, including 0/45, 0/-45, 45/-45 and 0/90, which correspond to the standard ply orientations employed in traditional UD material lay-ups.
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The main purpose of the investigation is to determine the extent to which new architectures, based on 0/45, 0/-45, 45/-45 and 0/90 NCF, can be tailored to achieve warp free tapered laminates with specific mechanical properties, but without the need for off axis alignment, and the ply discontinuities that this may cause. Off axis alignment of a 0/-45 layer, to produce a 90/45 layer, results in fibre discontinuity if the length of the part exceeds the width of the roll (commercially available widths are 1.27m, 2.54m or 3.30m).
The remainder of this article is arranged as follows. Section 2 provides a summary of mechanical coupling properties for the warp free laminate classes. Section 3 provides details of the development of the stacking sequences, the non-dimensional parameters, which may be used to calculate stiffness properties for any fibre/resin system, and the relationship between non-dimensional parameters and lamination parameters. A layer termination algorithm is described in Section 4, which is then applied to ExtensionShearing Bending-Twisting coupled laminates to develop tapered designs with consistent mechanical coupling properties throughout. Results are presented in Section 5, including design space comparisons and tapered designs. Finally, conclusions are drawn in Section 6.
Summary of Mechanical Coupling properties for warp free design
Simple, Extension-Shearing and/or Bending-Twisting coupled laminates all share the common feature that couplings between in-plane and out-of-plane responses, hence thermal warping distortions, are eliminated by virtue of the fact that Bij = 0 in Eq. (1).
However, coupling between Extension and Shearing is present when Axs = Ays  0, and between Bending and Twisting when Dxs = Dys  0. 
The coupling behaviour, which is dependent on the form of the elements in each of the 
In the latter case, the bending stiffness matrix with designation DS is replaced with DI to indicate bending isotropy, and hence full isotropy, given that, in addition to the Eqs (5) and (6):
where H is the laminate thickness.
Quasi-Homogeneous laminates possess concomitant stiffness properties, i.e. matching stiffness in extension and bending, as described by Eq. (8); these are presented elsewhere for Simple or uncoupled laminates with UD material [14] . 7
Derivation of stacking sequence data
The theory behind the algorithm used to generate the designs presented here is given elsewhere [9, 10, 11, 12] for each of the 4 laminate classes. Only a summary is therefore provided here, together with details on how the previous derivation for UD laminates has been modified for the purposes of laminates with new NCF architectures.
Derivation of stacking sequences
The four design freedoms associated with the stacking sequences used in standard UD laminate manufacture, with ply orientations 0, 90, 45 and -45, were shown [7] For compatibility with the previously published data, similar symbols have been adopted for defining the stacking sequences, i.e., , ,  and  are used in place of standard angles 0, 90, +45 and -45°, assumed here, noting that cross plies can be arbitrarily switched within a given stacking sequence, and angle plies are commercially available within the range 20° ≤  ≤ 45°, and may be assigned to a given stacking sequence without changing the mechanical coupling behaviour.
To avoid the trivial solution of a stacking sequences with cross plies only, for Simple laminates, all sequences have an angle-ply () on the upper surface of the laminate. As a result, the upper surface layer may be either a / or / ply pairing, which has implications with respect to laminate tapering, given that the surface layers are assumed to be continuous throughout. By contrast the exposed ply of the lower surface layer may be an angle ply of equal () or opposite () orientation or a cross ply ( or ), which may be either 0 or 90.
Non-dimensional parameters allow the extensional and bending stiffness properties to be readily calculated for any fibre/matrix system and angle-ply orientation and provide a compact data set alongside each laminate stacking sequence derived.
Derivation of non-dimensional parameters
The development of non-dimensional parameters, relating to the elements of the stiffness matrices in Eq. (9) , involves the summations of only the geometric parts for each ply orientation:
whereby the summations extend over all n plies, Qij are the transformed reduced stiffnesses and zk represents the distance from the laminate mid-plane of the k th ply interface. The interface distances zk are expressed in terms of constant ply thickness t, which is set to unit value.
The geometric parts of the summations for   
These non-dimensional parameters, together with the transformed reduced stiffnesses, Qij, for each ply orientation of constant ply thickness, t, facilitate simple calculation of the elements of the extensional and bending stiffness matrices from:
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Whilst the non-dimensional parameters n+, n-, n and n, are simply the number of plies in each fibre direction, the bending stiffness parameters, +, -,  and , represent the individual contributions to the overall bending stiffness .
Extension-Shearing and Bending-Twisting coupled laminates satisfy the following nondimensional parameter criteria [12] :
whilst the conditions giving rise to Bending-Twisting coupled laminates [11] are:
the conditions giving rise to Extension-Shearing coupled laminates [10] are:
and the conditions giving rise to Simple [9] laminates are:
Lamination parameters
Lamination parameters, originally conceived by Tsai and Hahn [16] offer an alternative set of non-dimensional expressions when ply angles are a design constraint. They were first applied to optimum design by Miki [17] and presented in graphical form by Fukunaga and Vanderplaats [18] . Optimized lamination parameters may be matched against a corresponding set of stacking sequences. Graphical representations help with this design process, since arguably the greatest challenge to the composite laminate designer, is the inverse problem of generating practical laminate configurations, which satisfy the optimized lamination parameters.
Elements of the Extension-Shearing coupled extensional stiffness matrix [A] are related to the lamination parameters [16] by:
and the fully populated bending stiffness matrix [D] by:
where laminate invariants are defined in terms of the reduced stiffnesses: 
UE and UG are invariants in the sense that they do not vary with change of in-plane coordinates. They are associated with the equivalent isotropic properties of the laminate:
where, Eiso, Giso, and iso, are the equivalent isotropic properties of the composite material, defined as:
U is associated with the orthotropy along axes 1 and 2, i.e. parallel and perpendicular to the fibre direction, and UR is a residual term contained in all elements of the stiffness matrices, which maintains square symmetry, as would be expected in balanced fabrics [19, 20] or, in the context of the current study, the anti-symmetric angle-ply NCF design: The ply orientation dependent lamination parameters are also related to the nondimensional parameters, used in Eqs (11) and (12), by the following expressions: n n n n n n n n n n n n n n n n n n n n n n n n n n n n n n n n
relating to extensional stiffness, and 
relating to bending stiffness.
Note that 
Laminate Tapering Algorithm
For practical laminate design, tapering must be possible without introducing unwanted mechanical coupling behaviour or introducing undesirable warping distortions. This section therefore investigates the extent to which this restriction can be satisfied using NCF designs. Table A1 of the electronic appendix, together with the lamination parameter coordinates. The ply percentages of Fig. 2 also apply to the lamination parameters for bending stiffness for the quasi-homogeneous anisotropic designs listed in Table 4 . These designs satisfying the definition of quasi-homogeneity of Eq. (8) Table 3 , are illustrated as orthographic projections for extensional and bending stiffness in Figs 3 and 4 , respectively. Results from Table 2 , with a / upper surface layer, are similarly illustrated in Figs A6 and A7 of the electronic appendix. As a result of the constraint imposed by the NCF architecture, the design space for all laminate classes is found to be substantially reduced in comparison to the equivalent UD design space, reported elsewhere [8] .
Tapered designs.
For practical laminate design, tapering must be possible without introducing unwanted coupling behaviour. This section therefore presents examples of tapered laminate designs with two-layer terminations, which in the context of NCF laminates relates to a constrained 4 ply termination scheme, since each NCF layer contains one of eight pairs of ply angle combinations. Note that ply contiguity  2 is an enforced constraint by virtue of the NCF architecture,
Extension-Shearing and Bending-Twisting or E-S;B-T coupled warp-free laminates
i.e., the number of adjacent plies with the same orientation can never exceed 2. Column material strength constraints can be related to the extensional lamination parameters, whilst buckling strength can be related to the bending lamination parameters, which is discussed in more detail elsewhere [15] . One set of tapered designs, originating from the single (nNCF =) 5 layer design, and corresponding to one of (nNCF =) 7 layer designs, is illustrated in Figs 5 and 6 . The corresponding stacking sequences are listed in Table   A2 of the electronic annex; together with an alternative design.
Conclusions
This article has demonstrated that new Non-Crimp Fabric (NCF) architectures can be tailored to achieve warp free laminates with either uncoupled, or 
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A1
Electronic Appendix
This electronic appendix to the main article on Tapered 
DDD Rc
  stiffness lamination parameters, when standard ply angles 0, 45 and 90 are adopted. 
Tapered laminate designs for new Non-Crimp Fabric architectures
A2
Mechanically Coupled Laminates
[//(/)2/(/)3/(/)3/ //(/)2]T Simple laminate [///2/(/)2///(/)2/ (/)2/(/)2]T B-T coupled laminate [//////(/)3/// (/)3////]T E-S coupled laminate [//(/)2/////(/)3/ (/)3//]T E
-S;B-T coupled laminate
A3
Stacking sequence listings
Extension-Shearing coupled laminates were found only in the highest layer (ply) number grouping investigated, i.e. nNCF (nUD) = 12 (24). The small number of stacking sequences for this class of laminate are listed in Table A1 , together with the lamination parameter coordinates. Table A1 
